A structural element was identified in the 59-proximal sequence of the bamboo mosaic virus (BaMV) RNA. Mutational analysis of the hairpin showed that disruptions of the secondary structure or substitutions of the loop sequences resulted in reduced accumulation of BaMV genomic RNA. Phylogenetic analysis further suggested the presence of structural homologues of this hairpin in all other potexviruses. In addition, remarkable structural homology was discovered between the BaMV hairpin and a stem-loop in the 59untranslated region of satellite RNAs responsible for attenuation of BaMV in co-infected plants. The role of this homology in the helpersatellite interaction is discussed.
A structural element was identified in the 59-proximal sequence of the bamboo mosaic virus (BaMV) RNA. Mutational analysis of the hairpin showed that disruptions of the secondary structure or substitutions of the loop sequences resulted in reduced accumulation of BaMV genomic RNA. Phylogenetic analysis further suggested the presence of structural homologues of this hairpin in all other potexviruses. In addition, remarkable structural homology was discovered between the BaMV hairpin and a stem-loop in the 59untranslated region of satellite RNAs responsible for attenuation of BaMV in co-infected plants. The role of this homology in the helpersatellite interaction is discussed.
Bamboo mosaic virus (BaMV) is a plant virus of the genus
Potexvirus with a positive-sense RNA genome of 6366 nt, comprising five open reading frames (ORFs) . Infections by BaMV are frequently associated with the presence of satellite (sat) RNAs, some of which may reduce accumulation of BaMV RNA and attenuate BaMVinduced symptoms in co-infected plants (Hsu et al., 1998) .
The 140 nt 39untranslated region (UTR) of BaMV genomic RNA (gRNA) is composed of a pseudoknot structure involving the poly-A tail, a stem-loop structure harbouring a conserved hexamer motif and a cloverleaf-like structure formed by three adjacent hairpins Tsai et al., 1999) . These structural elements have been implicated in the initiation of minus-strand synthesis by the viral RNAdependent RNA polymerase (Huang et al., 2001; Cheng et al., 2002) . However, structural elements in the 59UTR of BaMV gRNA that potentially play roles in replication and/or translation have not been investigated in detail, although two stem-loop structures in the corresponding region of the negative-strand RNA have been suggested to be involved in positive-strand RNA synthesis (Lin et al., 2005) .
Using Mfold (Zuker, 2003) , a large stem-loop structure was predicted in the 59 117 nt of BaMV positive-strand RNA (Fig. 1a) . To verify the secondary structure of the predicted hairpin, in particular the upper part (nt 53-99), a transcript of approximately 1000 nt was synthesized by in vitro transcription of a DNA template obtained by PCR amplification of a full-length cDNA of BaMV-S (Lin et al., 2004) . Purified transcripts were probed with enzymes and chemicals, and analysed by denaturing gel-electrophoresis using an RNA sequencing ladder as reference, as described previously (Chen et al., 2007b) . Fig. 1(b) shows that nt C80, C77, A71, A70, C69, A68, C52, A51, A50 and A41 are strongly reactive to dimethyl sulfate (DMS) while A42, A57, A58, C86 and A90 are weakly reactive. Interestingly, the absence of strong modification on C63, C64, C89 and A90 (Fig. 1b) could indicate that the C : C and the C : A mismatches in stem-II (Fig. 1a) potentially form non-Watson-Crick base pairs, as had been found in the turnip yellow mosaic virus (TYMV) 59 hairpins (Hellendoorn et al., 1997; Bink et al., 2002) . Nuclease S1 recognized nt A68-U73 in internal loop (IL)-I and U78 in the apical loop (AL). To some extent, U60 and U62 in stem-II are slightly susceptible to nuclease S1, suggesting that the region around the start codon is not strongly base paired. The only G residue that was recognized by RNase T1 was G79 in AL (Fig. 1d) . Cuts by nuclease V1, which recognizes double-stranded regions, were observed near C56 and C55 (Fig. 1c) . The absence of cuts in other, supposedly, double-stranded regions could be due to the fact that the nuclease V1 that was used is only active on stem regions that consist of more than 6 bp (Lowman & Draper, 1986) . On the whole, the structural probing data are in good agreement with the proposed secondary structure for the top 30 nt (Fig. 1a) .
To study the possible importance of the 59 hairpin in the replication of BaMV, several mutants were constructed (Fig. 2a) , and accumulation of their positive strand RNA in Nicotiana benthamiana plants was assayed by semiquantitative RT-PCR (Fig. 2b) . The mutations were introduced into pBaMV-S (Lin et al., 2004) by site-directed mutagenesis using a two-step PCR. The constructed mutants were verified by DNA sequencing and subsequently used for the synthesis of capped and poly-adenylated transcripts in vitro; the sequence for the poly-A tail is contained within the plasmid. After removing DNA templates, these infectious transcripts were applied to N. benthamiana plants as described by Hsu et al. (1998) . Briefly, three 1-month-old N. benthamiana plants were used, of which two leaves were inoculated for each inoculation. Seven days after inoculation, infected leaves were harvested and the total RNA was isolated using RNeasy kit (Qiagen). Purified total RNA was subjected to semiquantitative RT-PCR to determine the relative amount of the viral gRNA in total RNA extracts. First strand cDNA synthesis was carried out with 0.4 mg total RNA and oligonucleotide RT-2 (59-GGCCGCTTTAGACTCCACCCGG-39, complementary to nt 828-807) which is specific to BaMV gRNA. Subsequently, serial dilutions of cDNA were amplified by PCR with oligonucleotide RT-3 (59-GTACCCTCT-CGAGACTATCTACC-39, complementary to BMV gRNA nt 468-490) as a forward primer for 24 cycles. Each amplified reaction was separated by electrophoresis for comparison of the relative accumulation of the BaMV gRNA (Fig. 2) . In mutant M1, two base pairs in stem-I and stem-II were disrupted, while in M6, only the two base pairs in stem-II were disrupted (Fig. 2a) . As shown in Fig. 2(b) , accumulation of these mutants was approximately 100-fold less than wild-type (wt). At a 10 6 -fold dilution, the wt fragment was hardly visible any more (data not shown). Accumulation of M2 gRNA, which was designed to restore the four disrupted base pairs of M1, was also severely compromised. This may be due to the formation of an alternative structure in M2 having altered IL and AL sequences (Fig. 2a) . The importance of the loop sequences was assessed by mutants M3, M4 and M7. The gRNA of these three mutants also accumulated up to 100-fold less than wt did. Mutant M5, in which the C : C and C : A mismatches in IL-II were substituted with an A : U and G : C bp, respectively (Fig. 2a) , showed a rather mild reduction in gRNA accumulation (Fig. 2b) . Similar results have been reported for TYMV, where substituting protonatable C : C and C : A mismatches by Watson-Crick base pairs was tolerated in vivo, although spontaneous revertants were found to have partially recovered mismatches after several rounds of infection (Hellendoorn et al., 1997; Bink et al., 2002) .
Since mutagenesis has previously been carried out in the corresponding region of negative-strand RNA ( Fig. 2c ; Lin et al., 2005) , it is of interest to address how these substitutions interfered with the secondary structure of our model for positive-strand RNA. We note that, in the region which forms critical structures in both positive-and negative-strand RNA, double mutations that were designed for maintaining structures in one strand may seriously disrupt structures present in the other strand. For instance, the unexpected decrease in the accumulation of our mutant M2 may also be attributed to alterations in the proposed negative-strand hairpins (Lin et al., 2005) . Likewise, the surprisingly low replication observed by Lin et al. (2005) of the double mutant (BaLSR), which was designed to restore the stem of a hairpin in negative-strand RNA, could be the result of disrupting stem-I and stem-III in positive-strand RNA (Fig. 2a) . 
Common structure in 59UTR of BaMV and satellite RNAs
Given the functional importance of this hairpin for BaMV accumulation, homologues in other potexvirus RNAs were investigated. Similar stem-loop structures containing the start codon of ORF1 were predicted by Mfold in the 59UTR of all potexviruses. These homologues can be clustered into four distinct types according to their structural features (Fig. 3a) . Type I is characterized by possession of a single mismatch (C : C, A : A or A : C) in stem-II. The homologue identified in potato virus X (PVX), whose secondary structure is supported by experimental and phylogenetic data (Miller et al., 1998 (Miller et al., , 1999 , is assigned to this type; type II hairpins resemble the secondary structure of BaMV with tandem or triple mismatches in stem-II; type III hairpins consist of an additional IL in stem-II; and type IV is characterized by an additional hairpin in stem-II.
With the exception of PVX and BaMV, there are no experimental data for the hairpins of the other potexviruses. For BaMV, a previous study of the corresponding region focused on cis-acting elements in negative-strand RNA (Lin et al., 2005) . For PVX, the sequence of AL, IL-I and the C : C mismatch were shown to be critical for gRNA accumulation (Miller et al., 1998 (Miller et al., , 1999 , although a C : A mismatch was temporarily functional (Miller et al., 1999) . The C : C mismatch has also been implicated in coat protein binding (Kwon et al., 2005) and cell-to-cell movement (Lough et al., 2006) . In the 59UTR of another group of plant viruses, e.g. TYMV, cis-acting elements that consist of the consecutive C : C and C : A mismatches were found upstream or overlapping with the first AUG (Hellendoorn et al., 1997) . These mismatches have been shown to be important for encapsidation and it has been suggested that they are protonated at a pH of 5.0 (Bink et al., 2002) . Thus, the C : C and C : A mismatches in the BaMV 59 element may also be protonatable under acidic conditions and be involved in encapsidation.
A unique feature of BaMV among the potexviruses is its possession of satRNAs . There is no sequence homology between the various satRNAs and BaMV except for the presence of an A-rich leader sequence at the 59 end in both BaMV and satBaMV RNAs. However, the structural homology in the 59 end is striking (Fig. 3b) . Secondary structures of two major types of satRNAs (BSF4 and BSL6) have been determined previously (Annamalai et al., 2003; Chen et al., 2007a) . Stem-II is composed of 11 bp in both sat-and helper RNAs, and includes the two conserved C : C and C : A mismatches and the A-bulge at identical positions in this stem.
There are some differences between the three hairpins, particularly in AL and IL-I (Fig. 3b) , which may be related to the attenuating effect of satBaMV-BSL6 on BaMV accumulation (Annamalai et al., 2003 , Chen et al., 2007a . The BSL6-like satRNA which contains the UUUG sequence in AL was reported to downregulate BaMV replication, while the BSF4-like satRNA which has the GCUGA sequence in AL did not significantly interfere with the replication of helper BaMV (Annamalai et al., 2003) . Furthermore, it was recently shown that changing the UGC sequence in satBaMV-BSL6 IL-I to UGU completely abolishes the satRNA-mediated downregulation of helper BaMV gRNA (Chen et al., 2007a) . On the other hand, satBaMV-BSF4 was shown to downregulate the replication of helper BaMV when its UGU sequence in IL-I was changed to UGC (Chen et al., 2007a) . These results indicated that the BSL6-like IL-I, with the UGC sequence, dominates satRNA-mediated attenuation. Interestingly, BaMV has the BSL6-like UGC loop (Fig. 3b) . It is tempting to speculate that competition for a common factor, host and/or viral, that recognizes the internal loop, lies at the basis of this attenuation.
Several BaMV strains, including BaMV-S, BaMV-O, BaMV-L and BaMV40A, have been isolated or generated in the past and used in studies of BaMV biology and satBaMV-mediated regulation (Chang et al., 1997; Hsu et al., 1998; Chen et al., 2005) . We note that none of these strain-specific variations is in conflict with the formation of stem-II in positive-strand RNA (Fig. 3a) , while some disrupt a previously proposed structure in negative-strand RNA (Lin et al., 2005) . Strain-specific variations in BaMV may be responsible for differences in gRNA accumulation, symptom induction and satRNA-mediated interaction, as shown previously (Hsu et al., 1998; Yeh et al., 1999) . For instance, satBaMV-BSF4 has been shown to promote formation of local lesions on Chenopodium quinoa leaves when co-infected with BaMV-L, a sat-free BaMV derived from BaMV-V which is naturally associated with satRNAs Hsu et al., 1998) . However, such an effect was not observed in leaves co-infected with BaMV-S, which is the strain derived from BaMV-O that is not associated with satRNAs, according to the literature (Chang et al., 1997; Hsu et al., 1998) . Although co-infection of satBaMV-BSL6 reduces lesion formation and gRNA accumulation in both BaMV-S-and BaMV-L-infected leaves (Hsu et al., 1998) , it would be interesting to explore the natural helper BaMV of satRNA-BSL6 in the field. This may clarify whether the homology in the 59 hairpin plays any role in the interaction between satRNA and BaMV.
We conclude that the unique conservations and variations of the 59 structure between satBaMV and BaMV that we have shown in this study may provide novel insights into helper-satellite interactions in BaMV and other viruses (Simon et al., 2004) .
